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7KH VHQVH RUJDQV RI HYHQ UHODWLYHO\ VLPSOH
RUJDQLVPV VXFK DV DUWKURSRGV GHWHFW D YDULHW\ RI
LPSRUWDQW QXWULHQWV ZDWHU EHLQJ SUREDEO\ WKH
PRVW FULWLFDO IRU WHUUHVWULDO DQLPDOV 6LQFH WKHLU
RZQ ZDWHU SRWHQWLDO QRUPDOO\ H[FHHGV WKDW RI WKHLU
VXUURXQGLQJV WKHUH LV D QHW ZDWHU HIIOX[ ZKLFK
PXVW EH FRQWLQXDOO\ UHSOHQLVKHG E\ ZDWHU IURP DQ
H[WHUQDO VRXUFH EHFDXVH PHWDEROLF ZDWHU LV UDUHO\
VXIILFLHQW
7KH DELOLW\ WR GHWHFW ZDWHU LQ WKH HQYLURQPHQW
K\JURUHFHSWLRQ KDV EHHQ GRFXPHQWHG LQ D
YDULHW\ RI DUWKURSRGV $UDFKQLGV (KQ 	 7LFK\
 .U|EHU 	 *XHULQ  *DIILQ HW DO 
%ODWWRGHD <RNRKDUL  <RNRKDUL 	 7DWHGD
 'DPEDFK 	 *RHKOHQ  &ROHRSWHUD
+DUEDFK 	 /DUVRQ  ,ZDVDNL HW DO 
&ROOHPEROD +D\ZDUG HW DO  'LSWHUD
.HOORJJ  +HPLSWHUD *XDUQHUL HW DO 
+\PHQRSWHUD 6WHLGOH 	 5HLQKDUG  <RNRKDUL
HW DO  <RNRKDUL  DQG DGXOW /HSLGRSWHUD
6WHLQEUHFKW 	 0OOHU  DUH DOO NQRZQ WR KDYH
ZDWHU GHWHFWLQJ VHQVRU\ V\VWHPV RU UHODWHG
EHKDYLRU
7KHVH VWXGLHV SDLQW D JHQHUDO SLFWXUH RI
K\JURUHFHSWLRQ LQ DUWKURSRGV 7\SLFDOO\ VXFK
EHKDYLRUV DUH PHGLDWHG E\ D VHQVLOODU VWUXFWXUH
WKDW KRXVHV ERWK ZHW DQG GU\ UHFHSWRU QHXURQV DV
ZHOO DV D WHPSHUDWXUH UHFHSWRU (KQ 	 7LFK\ 
,ZDVDNL HW DO  <RNRKDUL  <RNRKDUL 
<RNRKDUL 	 7DWHGD  <RNRKDUL HW DO 
7KH VWUXFWXUH LWVHOI LV D EOLQG SRUHOHVV VHQVLOOD
LQQHUYDWHG E\ RQO\ WKHVH WKUHH VHQVRU\ QHXURQV
DQG WKHLU DFFHVVRU\ FHOOV ,ZDVDNL HW DO 
6WHLQEUHFKW 	 0OOHU  <RNRKDUL  ,W LV
WKRXJKW WKDW WKH K\JURUHFHSWLYH FHOOV DUH PRGLILHG
PHFKDQRUHFHSWRUV DQG WKDW WKH\ UHVSRQG WR
FKDQJLQJ YROXPHV RI VRPH K\JURVFRSLF PDWHULDO
FRQWDLQHG ZLWKLQ WKH VHQVLOOD 6WHLQEUHFKW 	
0OOHU  <RNRKDUL  6XFK VWUXFWXUHV DUH
XVXDOO\ ORFDWHG ZLWK RWKHU VHQVRU\ VWUXFWXUHV RQ
WKHDQWHQQDHRUWDUVLRIWKHDQLPDO
:KHQ WHVWHG EHKDYLRUDOO\ WKH DQLPDOV PHQWLRQHG
DERYH GLVSOD\ ORFRPRWRU\ RU RWKHU
GHFLVLRQPDNLQJ EHKDYLRUV EDVHG RQ PRLVWXUH
FXHV 6LQFH VPDOO DUWKURSRGV KDYH DQ XQIDYRUDEOH
VXUIDFH DUHD WR YROXPH UDWLR LW LV OLNHO\ WKDW WKH\
H[SHULHQFH FRQVLGHUDEOH GHVLFFDWLYH VWUHVVHV
HVSHFLDOO\ ZKHQ H[SRVHG WR WKH ZDUP DULG
HQYLURQPHQWV WKDW PDQ\ RI WKHP LQKDELW 2QH RI
WKH VLPSOHVW VWUDWHJLHV DQ DQLPDO FDQ HPSOR\ WR
SURWHFW LWVHOI IURP ZDWHU ORVV LV WR SUHIHUHQWLDOO\
LQKDELW DUHDV RI KLJKHU UHODWLYH KXPLGLW\ XVLQJ
K\JURUHFHSWLYH QHXURQV WR LGHQWLI\ UHJLRQV RI KLJK
KXPLGLW\ 7KRVH DUWKURSRGV WKDW ODFN D WKLFNHQHG
ZD[\ FXWLFOH PD\ EH PRVW OLNHO\ WR HPSOR\ WKLV
VWUDWHJ\
$V VPDOO VRIWERGLHG DQLPDOV FDWHUSLOODUV DUH DW
SDUWLFXODU ULVN RI GHVLFFDWLRQ ZKHQ H[SRVHG WR DULG
HQYLURQPHQWV *UHHQKRXVH REVHUYDWLRQV LQGLFDWH
WKDW ODUYDO Manduca sexta W\SLFDOO\ URRVW RQ WKH
XQGHUVLGHV RI WKHLU KRVW SODQW
V OHDYHV ZKHUH WKH
UHODWLYH KXPLGLW\ LV PHDVXUDEO\ KLJKHU WKDQ WKDW
RI WKH XSSHU OHDI VXUIDFH /DUYDH IHHGLQJ RQ
H[SRVHG SRUWLRQV RI WKH SODQW UHWXUQ WR WKH
XQGHUVLGH RI D OHDI WR PROW 7KHVH REVHUYDWLRQV
VXJJHVW WKDW WKH ODUYDH PD\ EH XVLQJ
K\JURSUHIHUHQFH EHKDYLRU WR SURWHFW WKHPVHOYHV
IURPZDWHUORVVZKLOHURRVWLQJRUPROWLQJ
%DVHG RQ VXFK REVHUYDWLRQV ZH K\SRWKHVL]H WKDW
ODUYDO M. sexta FDQ GHWHFW KXPLGLW\ DQG XVH WKLV
LQIRUPDWLRQ WR PDNH ORFRPRWRU\ GHFLVLRQV IRU
K\GUDWLRQ KRPHRVWDVLV DV GR WKH RWKHU
DUWKURSRGV SUHYLRXVO\ PHQWLRQHG 7R WHVW WKLV
K\SRWKHVLV WKH EHKDYLRU RI ODUYDO M. sexta LQ
FRQWUROOHG HQYLURQPHQWDO DUHQDV ZDV REVHUYHG
XQGHU FRQGLWLRQV RI GLIIHUHQWLDO GHVLFFDWLYH VWUHVV
DQG DW YDULRXV WHPSHUDWXUHV $QWHQQDO RFFOXVLRQ
DQG DEODWLRQ H[SHULPHQWV ZHUH DOVR FRQGXFWHG WR
GHWHUPLQH ZKDW UROH WKH DQWHQQDH SOD\ LQ
PHGLDWLQJWKLVEHKDYLRU
7KH VHQVRU\ EDVLV RI WKLV EHKDYLRU PD\ EH WKH
QHXURQV ORFDWHG LQ VHQVLOOD RQ WKH VHFRQG DQWHQQDO
VHJPHQW WKDW UHVSRQG WR FKDQJHV LQ UHODWLYH
KXPLGLW\ 7KHVH UHFHSWRU FHOOV UHVSRQG RQO\ WR
PRLVWXUH DQG GR QRW RFFXU LQ DQWDJRQLVWLF SDLUV RI
PRLVWDQGGU\VHQVLWLYH FHOOV DV LV W\SLFDO RI RWKHU
LQVHFW KXPLGLW\ V\VWHPV 'HWKLHU DQG
6FKRRQKRYHQ  7R RXU NQRZOHGJH OLWWOH HOVH
LV NQRZQ DERXW WKH SK\VLRORJ\ RI WKHVH
KXPLGLW\GHWHFWLQJ FHOOV RU WKH EHKDYLRUDO
UHOHYDQFH RI WKLV LQIRUPDWLRQ LQ FDWHUSLOODUV
7KHUHIRUH DFWLRQ SRWHQWLDOV IURP WKHVH QHXURQV
ZHUH UHFRUGHG HOHFWURSK\VLRORJLFDOO\ ZKLOH




/DUYDO M. sexta / /HSLGRSWHUD 6SKLQJLGDH ZHUH
UDLVHG IURP HJJV REWDLQHG IURP WKH 1RUWK
&DUROLQD 6WDWH 8QLYHUVLW\ LQVHFWDU\ /DUYDH ZHUH




 /' F\FOH $W WKH EHJLQQLQJ RI WKH PROW LQWR
WKH ILIWK ODUYDO VWDJH ODUYDH ZHUH LVRODWHG IURP WKH
FXOWXUH DQG SODFHG LQ FRPSDUWPHQWDOL]HG SODVWLF
FRQWDLQHUV ZLWKRXW IRRG $IWHU PROWLQJ ODUYDH
ZHUH H[DPLQHG XQGHU D GLVVHFWLQJ PLFURVFRSH WR
HQVXUH WKH SK\VLFDO LQWHJULW\ RI WKHLU H[WHUQDO




/LQHDU EHKDYLRUDO DUHQDV ZHUH FRQVWUXFWHG RI
RQHTXDUWHU LQFK WKLFN FOHDU SODVWLF DQG PHDVXUHG
FP ORQJ [ FP ZLGH [ FP KLJK )LJXUH 
7KH DUHQD ZDV SDUWLDOO\ GLYLGHG LQWR ILYH HTXDOO\
VL]HG FKDPEHUV E\ YHUWLFDO YDQHV DWWDFKHG WR WKH
ERWWRP DQG WRS RI WKH ER[ 7KHVH SDUWLDO GLYLGHUV
LPSHGHG DLU FLUFXODWLRQ DQG KHOSHG WR PDLQWDLQ
WKH KXPLGLW\ JUDGLHQW ZKLOH SHUPLWWLQJ WKH ODUYD
WR PRYH IUHHO\ IURP FKDPEHU WR FKDPEHU 7KH
IORRU ZDV D JULG PDGH RI ILQH PHVK VFUHHQ
VXSSRUWHG E\ D YLQ\O FRDWHG VWLII FRDUVH ZLUH
PHVK 7KH JULG ZDV HOHYDWHG  FP DERYH WKH
ERWWRP RI WKH DUHQD VXSSRUWHG E\ WKH ORZHU
YHUWLFDO YDQHV 7KLV IORRU SURYLGHG WKH ODUYD VHFXUH
IRRWLQJ ZKLOH SUHYHQWLQJ LW IURP FRQWDFWLQJ WKH
KXPLGLW\FRQWUROOLQJ PDWHULDOV EHORZ 7KH WRS RI
WKH DUHQD KDG D RQHLQFK GLDPHWHU KROH DERYH WKH
FHQWHU RI HDFK FKDPEHU WKDW SHUPLWWHG
LQWURGXFWLRQ RI WKH ODUYD RU D
WHPSHUDWXUHKXPLGLW\ SUREH ZLWKRXW GLVUXSWLQJ
WKH HVWDEOLVKHG KXPLGLW\ JUDGLHQW 'XULQJ
H[SHULPHQWDWLRQ WKHVH KROHV ZHUH FRYHUHG ZLWK
VPDOOSODVWLFVTXDUHV
7HPSHUDWXUH ZLWKLQ WKH DUHQDV ZDV PDLQWDLQHG
ZLWK UHVLVWLYH KHDWLQJ HOHPHQWV EHQHDWK WKH EODFN
SDLQWHG VWHHO SODWH RQ ZKLFK WKH DUHQDV ZHUH
SODFHG DQG FRQWUROOHG E\ D WKHUPRVWDW WR ZLWKLQ 
 & 7R SUHYHQW FRQGHQVDWLRQ RQ WKH ZDOOV DQG WR
HQVXUH HYHQ KHDWLQJ DFURVV WKH DUHQDV WKH HQWLUH
VHWXS ZDV FRYHUHG ZLWK D FOHDU SODVWLF OLG DQG
HQFORVHG E\ RQH LQFK WKLFN LQVXODWLQJ IRDP EORFNV
FRYHUHG ZLWK EODFN IDEULF WR DEVRUE VFDWWHUHG
OLJKW 7HPSHUDWXUH DQG KXPLGLW\ ZHUH YHULILHG E\
VHQVRUV HLWKHU LQWURGXFHG WKURXJK WKH KROH DERYH
HDFK DUHQD RU ORFDWHG EHQHDWK WKH JULG IORRU ,Q
HLWKHU FDVH WKH PHDVXUHPHQWV ZHUH WDNHQ DV FORVH
WR WKH JULG IORRU DV SRVVLEOH WR UHIOHFW WKH
FRQGLWLRQVWKDWWKHODUYDHZHUHH[SRVHGWR
Desiccation chambers
([SHULPHQWDO ODUYDH ZHUH WUHDWHG LQ D GHVLFFDWLRQ
FKDPEHU FRQVWUXFWHG IURP D GLVSRVDEOH =LSORF
ER[ VTXDUH  FXS VL]H  [  [  FP
:LWKLQ WKH ER[ DQ HOHYDWHG VFUHHQ IORRU VHSDUDWHG
WKH ODUYDH IURP WKH GHVLFFDWLQJ PDWHULDOV )RXU
ODUYDH ZHUH WUHDWHG LQ HDFK FKDPEHU :LWKLQ HDFK
FKDPEHU ODUYDH ZHUH SODFHG ZLWKLQ LQGLYLGXDO
WXEHV RI ILQH PHVK VFUHHQ WR SUHYHQW FRQWDFW
EHWZHHQ ODUYDH DQG SHUPLW LQGLYLGXDO
LGHQWLILFDWLRQ
Treatments
:LWKLQ  KRXUV DIWHU PROWLQJ LQWR WKHLU ILIWK
ODUYDO VWDJH ODUYDH ZHUH ZHLJKHG DQG SODFHG LQWR
GHVLFFDWLRQ FKDPEHUV FRQWDLQLQJ HLWKHU VLOLFD JHO
  5+ IRU WKH GHVLFFDWHG JURXS RU QRWKLQJ
§  5+ IRU WKH FRQWURO JURXS DQG LQFXEDWHG
DW  & IRU  KRXUV 6XEVHTXHQWO\ WKH ODUYDH
Table 1 $UHQDKXPLGLW\SURILOHVKRZLQJWKHDYHUDJHUHODWLYHKXPLGLW\6(LQHDFKFKDPEHURIWKH
K\JURSUHIHUHQFHDUHQD1 WULDOV
Position in Arena Dry Wet





ZHUH UHZHLJKHG 7KH GHVLFFDWHG ODUYDH ORVW 
6(    1    DQG FRQWURO ODUYDH ORVW 
6(    1    RI WKHLU ERG\ PDVV
UHVSHFWLYHO\
)RU WKH VHQVRU\ RFFOXVLRQ H[SHULPHQWV RFFOXVLRQ
RI WKH DQWHQQDH ZDV SHUIRUPHG DIWHU WKLV
GHVLFFDWLRQ WUHDWPHQW /DUYDH ZHUH KHOG XQGHU D
GLVVHFWLQJPLFURVFRSHZKLOHDVPDOOKHDWHGZLUH
ORRS ZDV XVHG WR FRYHU WKH DQWHQQDH ZLWK
FRPPHUFLDO GHQWDO ZD[ RU D  PL[WXUH RI
EHHVZD[ DQG URVLQ $IWHU EHKDYLRUDO WULDOV WKHVH
ODUYDH ZHUH LQVSHFWHG YLVXDOO\ WR HQVXUH WKDW WKH
VHQVRU\ VWUXFWXUHV KDG UHPDLQHG RFFOXGHG
WKURXJKRXWWKHWULDO
)RU WKH DQWHQQDO DEODWLRQ H[SHULPHQWV DEODWLRQV





/DUYDH ZHUH DQHVWKHWL]HG E\ VXEPHUJLQJ WKHP LQ
ZDWHU IRU VHYHUDO PLQXWHV *RWKLOI 	 +DQVRQ
 /DUYDH ZHUH WKHQ KHOG XQGHU ZDWHU LQ D
VPDOO GLVK DQG WKHLU DQWHQQDH ZHUH UHPRYHG
XVLQJ D SDLU RI LULGHFWRP\ VFLVVRUV /DUYDH ZHUH
WKHQ UHPRYHG IURP WKH ZDWHU DQG ZLSHG GU\
EHIRUH EHLQJ ZHLJKHG DQG SODFHG LQWR WKH
GHVLFFDWLRQ FKDPEHUV %\ SHUIRUPLQJ WKH VXUJLFDO
DEODWLRQ EHIRUH GHVLFFDWLRQ WKH ODUYDH ZHUH
SHUPLWWHG D  KRXU UHFRYHU\ SHULRG DV WKH\ ZHUH
XQGHUJRLQJGHVLFFDWLRQWUHDWPHQW
Arena setup
3ULRU WR WKH EHJLQQLQJ RI HDFK H[SHULPHQW WKH
DUHQDV ZHUH WKRURXJKO\ FOHDQHG ZLWK D ERWWOH
EUXVK DQG HWKDQRO 7KH KXPLGLW\ JUDGLHQW ZDV
HVWDEOLVKHG E\ SODFLQJ D  FP 3HWUL GLVK RI ZDWHU
DW RQH HQG RI WKH DUHQD DQG D VLPLODU GLVK RI VLOLFD
JHO DW WKH RWKHU HQG 7DEOH  7KH SRVLWLRQV RI
ZDWHU DQG VLOLFD JHO ZHUH DOWHUQDWHG HYHU\ WULDO WR
SUHYHQWGLUHFWLRQDOELDV
$W WKH VWDUW RI WKH WULDO D VLQJOH ODUYD ZDV
LQWURGXFHG WR WKH FHQWHU FKDPEHU RI HDFK DUHQD
YLD WKH KROH LQ LWV OLG $IWHU DQ DFFOLPDWLRQ SHULRG
RI DW OHDVW ILIWHHQ PLQXWHV WKH LPDJLQJ VRIWZDUH
EHJDQ WDNLQJ LPDJHV DW D UDWH RI RQH SHU PLQXWH
IRUPLQXWHV
Data collection and analysis
7KH WKUHH EHKDYLRU DUHQDV ZHUH VLPXOWDQHRXVO\
PRQLWRUHG E\ D FRPSXWHU LPDJLQJ V\VWHP
FRQVLVWLQJ RI DQ $SSOH L6LJKW FDPHUD D 0DFLQWRVK
* FRPSXWHU DQG 2FXOXV ZHEFDP VRIWZDUH
/LJKWLQJ ZDV SURYLGHG E\ WZR IOXRUHVFHQW OLJKW
VWULSV SODFHG RXWVLGH SODVWLF ZLQGRZV LQ WKH
LQVXODWLQJIRDPDWWKHOHYHORIWKHJULGIORRU
,PDJHV ZHUH ILUVW SURFHVVHG WR HQKDQFH FRQWUDVW
XVLQJ 1,+
V ,PDJH- VRIWZDUH DYDLODEOH DW
KWWSUVELQIRQLKJRYLM &XVWRP VRIWZDUH
ZULWWHQ LQ 0$7/$% SUHVHQWHG WKH YLHZHU ZLWK
HDFK LPDJH DQG WKH XVHU LGHQWLILHG WKH ORFDWLRQ RI
WKH ODUYD ZLWKLQ WKH DUHQD DW HDFK WLPHSRLQW 7KH
UDZ GDWD DUH VLPSO\ FRXQWV RI WKH QXPEHU RI
WLPHSRLQWV WKDW WKH ODUYD ZDV REVHUYHG LQ HDFK
FKDPEHU
7R DQDO\]H WKH HIIHFW RI WUHDWPHQW HDFK VHW RI
H[SHULPHQWDO GDWD ZDV FRPSDUHG ZLWK LWV
FRUUHVSRQGLQJ FRQWURO VHW XVLQJ D FKLVTXDUHG WHVW
/DQJOH\  RQ WKH UDZ FRXQWV IURP WKH LPDJH
DQDO\VLV
Liquid water orientation experiments
$UHQDV ZHUH FRQVWUXFWHG E\ ILOOLQJ VWDQGDUG  FP
3HWUL GLVKHV ZLWK D VPDOO DPRXQW RI PHOWHG
SDUDIILQ ZD[ :KHQ KDUGHQHG WKH ZD[ SHUPLWWHG
WKH SODFHPHQW RI DQ H[DFW DPRXQW RI ZDWHU LQ D
FRKHVLYH GURS 1RQGHVLFFDWHG ILIWK LQVWDU ODUYDH
ZHUH WHVWHG HLWKHU XQWUHDWHG FRQWURO RU ZLWK
WKHLU DQWHQQDH FRYHUHG ZLWK D  EHHVZD[URVLQ
PL[WXUH RFFOXGHG /DUYDH ZHUH DVVLJQHG WR
WUHDWPHQW JURXSV DQG WKHQ SODFHG LQ LVRODWLRQ
FKDPEHUV IRU DW OHDVW  PLQXWHV SRVWWUHDWPHQW
WR SHUPLW UHFRYHU\ 7KH DUHQDV ZHUH FOHDQHG ZLWK
HWKDQRO SULRU WR WKH VWDUW RI HDFK H[SHULPHQW $
VLQJOH PO GURS RI SXULILHG ZDWHU %LR:KLWWDNHU
 4 &DPEUH[ %LR6FLHQFH ZDV SODFHG LQ
WKH PLGGOH RI HDFK DUHQD WKH DQLPDOV ZHUH
LQWURGXFHG DQG WKH 3HWUL GLVK ZDV FRYHUHG 7ULDOV








(OHFWURSK\VLRORJLFDO UHFRUGLQJV ZHUH PDGH RQ D
OLYH ODUYD SUHSDUDWLRQ IROORZLQJ WKH PHWKRG RI
*RWKLOI DQG +DQVRQ  %ULHIO\ D ODUYD ZDV
DQHVWKHWL]HG E\ VXEPHUJLQJ LQ ZDWHU IRU VHYHUDO
PLQXWHV 7KH ODUYD ZDV WKHQ SODFHG LQWR D JODVV
YLDO ILOOHG ZLWK 0 .&O 7KH ODUYD
V KHDG ZDV
SODFHG WKURXJK D KROH LQ D ODWH[ PHPEUDQH WKDW
ZDV XVHG ZLWK WKH YLDO
V OLG WR VHDO WKH SUHSDUDWLRQ
$ VLOYHU ZLUH ZDV LQVHUWHG WKURXJK WKH ZDOO RI WKH
YLDO LQWR WKH .&O VROXWLRQ DQG VHUYHG DV WKH
UHIHUHQFHHOHFWURGH
7KH DQWHQQD ZDV LPPRELOL]HG ZLWK D VPDOO
DPRXQW RI D  EHHVZD[  URVLQ PL[WXUH SODFHG DW
WKH EDVH RI WKH DQWHQQD XVLQJ D KHDWHG ZLUH ORRS
EXW ZLWKRXW FRYHULQJ WKH VHQVRU\ VWUXFWXUHV DW WKH
WLS RI WKH DQWHQQD &RQWDFW RI WKH KHDWHG ORRS ZLWK
WKH DQWHQQD ZDV DYRLGHG WR PLQLPL]H KHDW
GDPDJHWRWKHVHQVRU\QHXURQVZLWKLQ
5HFRUGLQJV ZHUH PDGH XVLQJ D VKDUSHQHG
WXQJVWHQ ZLUH HOHFWURGH 7KH DFWLRQ SRWHQWLDOV
ZHUHDPSOLILHGXVLQJDFXVWRPKLJKLPSHGDQFH
DPSOLILHU *HRUJH -RKQVRQ 80%& ZLWK D EDQG
SDVV RI  +] ±  N+] 7KH GDWD DFTXLVLWLRQ FDUG
VDPSOHG DW  .+] XQGHU 67$ VRIWZDUH (ULF
6WDGOHU:DGHQVZLO6ZLW]HUODQG
7KH VWLPXOXV ZDV URRP DLU SXPSHG WKURXJK D
IODVN RI ZDWHU 5+ !  RU VLOLFD JHO 5+  
DQG SDVVHG WR D FXVWRP VZLWFKLQJ GHYLFH ZLWK D
VROHQRLG YDOYH IRU HDFK VWUHDP :KHQ DFWLYDWHG
WKLV GHYLFH ZRXOG SDVV RQH VWUHDP WR YHQW ZKLOH LW
SDVVHG WKH RWKHU WR WKH SUHSDUDWLRQ $ WLPLQJ
GHYLFH FRQWUROOHG WKH VROHQRLG YDOYHV DQG SURYLGHG
VWLPXOL RI NQRZQ GXUDWLRQV $ EULHI HOHFWULFDO
SXOVH ZDV LQWURGXFHG LQWR WKH VSLNH WUDLQ ZKHQ
WKH VROHQRLG YDOYHV ZHUH VZLWFKHG WR LQGLFDWH
VWLPXOXVRQVHWDQGRIIVHW
$LU IORZ ZDV PHDVXUHG XVLQJ D VRDS ILOP
IORZPHWHU 7KH DYHUDJH IORZ UDWHV ZHUH 
OLWHUV SHU PLQXWH PRLVW 6(    DQG 
OLWHUV SHU PLQXWH GU\ 6(    $ WWHVW











/DUYDH ZHUH PRQLWRUHG LQ D OLQHDU
K\JURSUHIHUHQFH FKDPEHU WR WHVW WKH K\SRWKHVHV
WKDW WKH\ ZRXOG VSHQG PRUH WLPH LQ UHJLRQV RI
KLJKHU UHODWLYH KXPLGLW\ DQG WKDW WKLV EHKDYLRU
ZRXOG EH LQIOXHQFHG E\ WKHLU K\GUDWLRQ VWDWH
&RQWURO ODUYDH GLG QRW VKRZ DQ\ SUHIHUHQFH IRU D
VSHFLILF UHODWLYH KXPLGLW\ DW DQ\ WHPSHUDWXUH
WHVWHG )LJXUH  EXW GLG GLVSOD\ D SUHIHUHQFH IRU
WKH WZR HQG FKDPEHUV RI WKH OLQHDU DUHQD
FRPSDUHG WR WKH WKUHH PRUH FHQWUDO FKDPEHUV
'HVLFFDWHG ODUYDH SUHIHUUHG WKH PRVW KXPLG
FKDPEHU DW DOO WKUHH WHPSHUDWXUHV )LJXUH  7KLV
SUHIHUHQFH ZDV VLJQLILFDQW ZKHQ FRPSDUHG ZLWK
WKH FRUUHVSRQGLQJ FRQWURO  & S    &
DQG  & S   1R VLJQLILFDQW HIIHFW RI
WHPSHUDWXUHRQSUHIHUHQFHZDVREVHUYHG
,Q FRQWUDVW GHVLFFDWHG ODUYDH ZKRVH DQWHQQDH
ZHUH FRDWHG ZLWK HLWKHU RI WKH ZD[ PL[WXUHV IDLOHG
WR VKRZ D SUHIHUHQFH IRU WKH KXPLG FKDPEHU
)LJXUH $ 7KH\ GLG KRZHYHU VKRZ DQ HQG
SUHIHUHQFH VLPLODU WR WKH FRQWURO ODUYDH
'HVLFFDWHG ODUYDH ZKRVH DQWHQQDH ZHUH VXUJLFDOO\
UHPRYHG VKRZHG QHLWKHU WKH SUHIHUHQFH IRU WKH








Treatment N Encountered Drank
&RQWURO   
2FFOXGHG   
Liquid water orientation
7R H[DPLQH WKH DELOLW\ RI ODUYDH WR GHWHFW DQG





RI ZDWHU $OO ODUYDH PRYHG DSSDUHQWO\ UDQGRPO\
DURXQG DQG DFURVV WKH DUHQD IORRU DQG WKHUH
DSSHDUHG WR EH QR GLIIHUHQFH LQ WKH DPRXQW RI
DFWLYLW\ EHWZHHQ WUHDWPHQW JURXSV &RQWURO ODUYDH
QRUPDOO\ HQFRXQWHUHG WKH ZDWHU GURS  RI
WKRVH WHVWHG DQG DOZD\V GUDQN WKH ZDWHU ZKHQ LW
ZDV HQFRXQWHUHG 2FFOXGHG ODUYDH DOWKRXJK
VLPLODUO\ DFWLYH ZLWKLQ WKH DUHQD HQFRXQWHUHG WKH
ZDWHU GURS OHVV IUHTXHQWO\  RI WKRVH WHVWHG
DQGRQO\RIWKHVHGUDQNIURPLW7DEOH
(OHFWURSK\VLRORJLFDO UHFRUGLQJV FRQILUPHG WKH
SUHVHQFH RI D UHVSRQGLQJ XQLW SUHVXPDEO\ D
VHQVRU\ QHXURQ WKDW UHVSRQGV WR FKDQJHV LQ
UHODWLYH KXPLGLW\ 7KLV QHXURQ LV ORFDWHG LQ WKH
YLFLQLW\ RI WKH PHGLDO EDVLFRQLF VHQVLOOD RI WKH
VHFRQG DQWHQQDO VHJPHQW 7KH EHVW UHFRUGLQJV
ZHUH DFKLHYHG E\ HQWHULQJ WKH FXWLFOH MXVW DW WKH
EDVH RI WKLV VWUXFWXUH :LWKLQ WKLV UHJLRQ WKHUH DUH
VHYHUDO XQLWV WKDW ILUH HLWKHU VSRQWDQHRXVO\ RU LQ
UHVSRQVH WR PRYHPHQW RI WKH HOHFWURGH 1HDU WKH
K\JURUHFHSWLYH FHOO LV DQRWKHU FHOO WKDW ILUHV
VSRQWDQHRXVO\ DW D UHJXODU UDWH 7KLV FHOO LV
FRQVLVWHQWO\ REVHUYHG LQ PRVW SUHSDUDWLRQV DQG
ZDV XVHG DV D ODQGPDUN ZKLOH VHDUFKLQJ IRU WKH
K\JURUHFHSWLYHFHOO
,Q VRPH LQVWDQFHV IRUWXQDWH SODFHPHQW RI WKH
HOHFWURGH SHUPLWWHG WKH UHFRUGLQJ RI RQO\ WKH
K\JURUHFHSWLYH FHOO WKDW ZDV VLOHQW LQ GU\ DLU
)LJXUH  +RZHYHU LW ZDV PRUH FRPPRQ WR
UHFRUG IURP PXOWLSOH FHOOV DW D WLPH DQG WKH
K\JURUHFHSWLYH QHXURQV VKRZHG VRPH OHYHO RI
DFWLYLW\ LQ D GU\ DLU VWUHDP )LJXUH  $FWXDO VSLNH
IUHTXHQF\ DQG DFWLYLW\ LQ GU\ DLU ZHUH YDULDEOH
EHWZHHQ DQLPDOV DOWKRXJK DQ LQFUHDVH LQ DFWLYLW\
RFFXUUHG LQ DOO UHFRUGDEOH K\JURUHFHSWLYH FHOOV
XSRQ H[SRVXUH WR D PRLVW DLU VWUHDP HJ )LJXUH
 $GDSWDWLRQ LQ JHQHUDO ZDV VORZ EXW ZDV
REVHUYHG LQ DW OHDVW WKUHH SUHSDUDWLRQV RYHU D 
VHFRQGSHULRGGDWDQRWVKRZQ
0DQ\ LI QRW DOO RWKHU DUHDV RI WKH DQWHQQD ZHUH
SUREHG ZLWK WKLV W\SH RI HOHFWURGH EXW QR RWKHU
QHXURQVVHQVLWLYHWRUHODWLYHKXPLGLW\ZHUHIRXQG
Discussion
:H K\SRWKHVL]HG WKDW ODUYDO M. sexta SUHIHU
KXPLG HQYLURQPHQWV DQG WKDW WKH\ ZRXOG XVH
UHODWLYH KXPLGLW\ DV D FXH WR PDNH ORFRPRWRU\
GHFLVLRQV 7KH GDWD LQGLFDWH WKDW M. sexta ODUYDH
FDQ GHWHFW UHODWLYH KXPLGLW\ LQ WKHLU HQYLURQPHQW
DQG ZLOO VHHN DUHDV RI KLJKHU UHODWLYH KXPLGLW\
XQGHU FHUWDLQ FRQGLWLRQV 7KLV SUHIHUHQFH LV KLJKO\
GHSHQGHQW RQ LQWHUQDO K\GUDWLRQ VWDWH &RQWURO
ODUYDH VKRZHG QR SUHIHUHQFH IRU D VSHFLILF UHODWLYH
KXPLGLW\ ZKLOH GHVLFFDWHG ODUYDH VKRZHG D
VLJQLILFDQW SUHIHUHQFH IRU WKH KLJK KXPLGLW\
FKDPEHU
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH 7KH K\SRWKHVLV WKDW WHPSHUDWXUH ZRXOG DIIHFW WKLV
EHKDYLRU ZDV QRW VXSSRUWHG 1HLWKHU GHVLFFDWHG
QRU FRQWURO ODUYDH DOWHUHG WKHLU K\JURSUHIHUHQFH
EHKDYLRU ZLWK WHPSHUDWXUH :KLOH LQFUHDVHG
HQYLURQPHQWDO WHPSHUDWXUH ZLOO FHUWDLQO\ LQFUHDVH
HYDSRUDWLYH ZDWHU ORVV WKH ODUYDH PD\ RQO\
PRQLWRULQWHUQDOK\GUDWLRQVWDWH
7KH GDWD VXJJHVW WKDW LQVWHDG RI DWWHPSWLQJ WR
SUHYHQW GHVLFFDWLRQ VWUHVV WKH ODUYDH WDNH
FRUUHFWLYH PHDVXUHV WR UHGXFH ZDWHU ORVV E\
VHHNLQJ UHJLRQV RI KLJK KXPLGLW\ RQO\ DIWHU WKH\
KDYH EHFRPH VWUHVVHG 7KLV VWUDWHJ\ PD\ UHIOHFW D
EDODQFH EHWZHHQ WKH QHHG IRU K\GUDWLRQ
KRPHRVWDVLV DQG WKH QHHG WR IRUDJH IRU IRRG
:KHQ D ODUYD LV QRW XQGHU GHVLFFDWLYH VWUHVV WKH
QHHG WR IRUDJH OLNHO\ RXWZHLJKV WKH ULVNV RI
SURVSHFWLYH H[SRVXUH WR GHVLFFDWLYH VWUHVV 7KXV
XQGHU PRVW FRQGLWLRQV SURDFWLYH K\JURSUHIHUHQFH
ZRXOGQRWEHH[SHFWHG
2Q WKH RWKHU KDQG SURDFWLYH K\JURSUHIHUHQFH
EHKDYLRU PD\ RFFXU ZKHQ SUHSDULQJ WR PROW
:KHQ PROWLQJ ODUYDH EHFRPH TXLHVFHQW IRU RQH WR
WZR GD\V DQG ZRXOG OLNHO\ ULVN GHVLFFDWLRQ LI
H[SRVHG RQ WKH XSSHU OHDI VXUIDFH 7KLV LV
FRQVLVWHQW ZLWK JUHHQKRXVH REVHUYDWLRQV ZKHUH
PRVW ODUYDH PROW RQ WKH XQGHUVLGH RI WKH KRVW
SODQW
V OHDYHV %\ PRYLQJ WR WKH XQGHUVLGH RI WKH
OHDI WKH ODUYD SODFHV LWVHOI LQWR DQ DUHD RI ORFDOO\
KLJKHU UHODWLYH KXPLGLW\ WKXV UHGXFLQJ
GHVLFFDWLYHVWUHVV
7KH DQWHQQDH DSSHDU WR EH UHTXLUHG IRU SURSHU
K\JURSUHIHUHQFH EHKDYLRU DQG OLNHO\ KRXVH WKH
VHQVRU\ QHXURQV UHVSRQVLEOH IRU WKLV EHKDYLRU
$EODWLRQ RU RFFOXVLRQ RI WKH DQWHQQDH HOLPLQDWHG
WKH SUHIHUHQFH IRU KLJK KXPLGLW\ 7KHVH
EHKDYLRUDO UHVXOWV DUH FRQVLVWHQW ZLWK WKH
HOHFWURSK\VLRORJLFDO FRQILUPDWLRQ WKDW WKHUH LV D
VHQVRU\ QHXURQ ORFDWHG RQ WKH VHFRQG DQWHQQDO
VHJPHQW WKDW UHVSRQGV GLIIHUHQWLDOO\ WR ZHW DQG
GU\DLUVWUHDPV
7KH SUHVHQFH RI QHXURQV RQ WKH DQWHQQD RI ODUYDO
M. sexta WKDW UHVSRQG WR FKDQJHV LQ UHODWLYH
KXPLGLW\ ZDV EULHIO\ UHSRUWHG SUHYLRXVO\ E\
'HWKLHU DQG 6FKRRQKRYHQ  7KH
HOHFWURSK\VLRORJLFDO H[SHULPHQWV GHVFULEHG KHUH
ZHUH FRQGXFWHG WR FRQILUP WKH SUHVHQFH RI WKHVH
VHQVRU\ QHXURQV DQG WR IXUWKHU FKDUDFWHUL]H WKHLU
EHKDYLRU 5HFRUGLQJV IURP WKH UHJLRQ QHDU WKH
PHGLDO EDVLFRQLF VHQVLOOXP RI WKH VHFRQG DQWHQQDO
VHJPHQW UHYHDOHG WKH SUHVHQFH RI DW OHDVW RQH
QHXURQ WKDW UHVSRQGV GLIIHUHQWLDOO\ WR ZHW DQG GU\
DLU VWUHDPV 5HFRUGLQJ LQ RWKHU UHJLRQV RI WKH
DQWHQQDH \LHOGHG QR RWKHU K\JURUHFHSWLYH
QHXURQV 7KXV LW VHHPV OLNHO\ WKDW WKH
K\JURUHFHSWRUV RI WKH PHGLDO EDVLFRQLF VHQVLOOD
DUH QHFHVVDU\ DQG VXIILFLHQW IRU PHGLDWLQJ
K\JURSUHIHUHQFHEHKDYLRU
7R H[WHQG WKLV FRQFOXVLRQ WR D UHODWHG EHKDYLRU
WKH DELOLW\ RI WKH ODUYDH WR RULHQW WRZDUGV DQG
GULQN OLTXLG ZDWHU ZDV H[DPLQHG ,Q WKH 3HWUL GLVK
DUHQDV FRQWURO ODUYDH KDG OLWWOH SUREOHP ILQGLQJ
DQG GULQNLQJ WKH ZDWHU 7KH K\SRWKHVLV WKDW WKH
VDPH DQWHQQDO K\JURUHFHSWRUV ZRXOG EH UHTXLUHG
IRU WKLV EHKDYLRU DV ZHOO ZDV FRQILUPHG ,QGHHG
ODUYDH ZLWK RFFOXGHG DQWHQQDH ORFDWHG WKH ZDWHU
OHVV IUHTXHQWO\ DQG UDUHO\ GUDQN IURP LW ZKHQ WKH\
GLG HQFRXQWHU LW 7KHVH UHVXOWV IXUWKHU VXSSRUW WKH
K\SRWKHVLV WKDW WKH DQWHQQDO K\JURUHFHSWRUV DUH
HVVHQWLDO IRU ZDWHU UHODWHG EHKDYLRU LQ ODUYDO M.
sexta
'ULQNLQJ EHKDYLRU ZDV HDV\ WR LGHQWLI\ DIWHU D
VKRUW SHULRG RI REVHUYDWLRQ 7\SLFDOO\ D FRQWURO
ODUYD ZRXOG RULHQW WRZDUGV WKH ZDWHU GURS ZLWKLQ
WKH ILUVW WHQ PLQXWHV RI WKH WULDO 8SRQ PDNLQJ
FRQWDFW ZLWK WKH ZDWHU GURS ZLWK LWV PRXWKSDUWV
DQG DQWHQQDH WKH ODUYD ZRXOG FHDVH ORFRPRWLRQ
FRQVXPH LW DQG UHVXPH PRYHPHQW ZLWKLQ WKH
DUHQD 0RVW RI WKH RFFOXGHG ODUYDH VHHPHG WR
ZDQGHU UDQGRPO\ ZLWKLQ WKH DUHQD 7KRVH WKDW
HQFRXQWHUHG WKH ZDWHU GURS XVXDOO\ ZDONHG
WKURXJK LW DQG GLG QRW DUUHVW WKHLU PRYHPHQW
XSRQFRQWDFWLQJLW
7KHVH UHVXOWV DUH FRQVLVWHQW ZLWK SUHOLPLQDU\
H[SHULPHQWV LQ ZKLFK D ODUYD ZDV KHOG LQ KDQG
DQG D GURS RI ZDWHU IURP D SLSHWWH ZDV SODFHG RQ
LWV PRXWKSDUWV DQG DQWHQQDH &RQWURO ODUYDH
ZRXOG LPPHGLDWHO\ EHJLQ PRYLQJ WKHLU PDQGLEOHV
DQG GULQNLQJ 2FFOXGHG ODUYDH ZRXOG QRW UHVSRQG
WR WKH ZDWHU GURS 1HLWKHU JURXS RI ODUYDH
UHVSRQGHG ZKHQ SURGGHG ZLWK RQO\ WKH SLSHWWH
LQGLFDWLQJ WKDW LW ZDV WKH SUHVHQFH RI WKH ZDWHU WR
ZKLFK WKH\ ZHUH UHVSRQGLQJ QRW D PHFKDQLFDO
VWLPXOXV
/DUYDH ZLWK DEODWHG RU RFFOXGHG DQWHQQDH VWLOO KDG
DOO RI WKHLU FKHPRVHQVRU\ PRXWKSDUWV
XQREVWUXFWHG 3RVWH[SHULPHQWDO PLFURVFRSLF
REVHUYDWLRQV YHULILHG WKDW WKH PD[LOODU\ SDOSL WKH
VHQVLOOD VW\ORFRQLFD DQG WKH HSLSKDU\Q[ ZHUH DOO
LQWDFW DQG XQFRDWHG ZLWK ZD[ 7KXV ZH FRQFOXGH
WKDW WKH REVHUYHG GULQNLQJ DQG K\JURSUHIHUHQFH
EHKDYLRUV DUH PHGLDWHG RQO\ WKURXJK WKH
DQWHQQDH
6LQFH DQLPDOV WKDW OLYH LQ DULG FRQGLWLRQV DUH RIWHQ
-RXUQDORI,QVHFW6FLHQFH_ZZZLQVHFWVFLHQFHRUJ ,661
-RXUQDORI,QVHFW6FLHQFH9RO_$UWLFOH DW KLJK ULVN IRU GHVLFFDWLRQ EHLQJ DEOH WR PDNH
XVH RI DYDLODEOH ZDWHU UHVRXUFHV FRXOG EH D
VLJQLILFDQW IDFWRU LQ WKHLU VXUYLYDO :H KDYH
GHPRQVWUDWHG WKDW ODUYDO M. sexta FDQ GHWHFW ERWK
UHODWLYH KXPLGLW\ DQG OLTXLG ZDWHU YLD WKHLU
DQWHQQDH 7KLV LQIRUPDWLRQ FRXSOHG ZLWK LQWHUQDO
K\GUDWLRQ VWDWH LQIRUPDWLRQ LV XVHG LQ ORFRPRWRU\
GHFLVLRQ PDNLQJ 6XFK GHFLVLRQV OLNHO\ IRUP WKH
EDVLV RI D EHKDYLRUDO VWUDWHJ\ IRU PDLQWHQDQFH RI
K\GUDWLRQ KRPHRVWDVLV &RXSOHG ZLWK SRVVLEOH
SK\VLRORJLFDO PHFKDQLVPV IRU GHVLFFDWLRQ
SUHYHQWLRQ :RRGV 	 %HUQD\V  WKLV VWUDWHJ\
KHOSV H[SODLQ KRZ ODUYDO M. sexta DUH DEOH WR
WKULYHLQDULGKDELWDWV
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